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(54) Optical translation measurement 

(57) A method for determining the relative motion of 
a surface with respect to a measurement device com- 
prising: 

illuminating the surface with illumination, through a 
partially transmitting object, such that illumination is 
reflected from the surface to illuminate a detector 
with illumination which is not an image of a point on 
or a portion of the surface: 



simultaneously illuminating the detector with refer- 
ence illumination derived from said incident illumi- 
nation; 

coherently delecting the reflected illumination of the 
detector utilizing said reference illumination such 
that the detector generates a signal: 
determining the relative motion of the surface par- 
allel to the surface, based on variations of the signal 
with motion. 




BNSDOCID: <EP 0942285 A1 J_> 



to 



15 



20 



25 



30 



35 



40 



45 



50 



55 



6P0 942 285 A 1 
Description 

FIELD OF THE INVENTION 

S ™° preSGnl ,nV r enhon ,s re,ated to the f ^ of velocity and translation measurement and more particularly to 
methods and apparatus for the non-contact optical measurement of translation and velocity. 

BACKGROUND OF THE INVENTION 

[0002] Various optical methods for the measurement of the relative velocity and/or mot.on of an obiect with respect 

'zz a ~^,r Eacn me,ho ° and apparaius ,s ch ™' e ™ a * - — - -** - - *£3 

[0003] The kind of measurable objects may be broadly divided into several groups, including: 

• A specially patterned object, for example, a scale 
A reflecting surface, for example, a mirror. 

• A small particle (or few particles), for example precursor particles or bubbles suspended in fluid 

• An optically contrasting surface, for example, a line or dot pattern. 

• An optically diffuse object, for example, blank paper 

[0004] The kind of measurable motions may be broadly divided into several groups, including: 

Axial movement toward or away from the measuring device 
' c^stanT 6 ' an9en[ial) m ° t,0n ' Where ,he Spacin 9 between lhe measuring device and the ob,ect is essentially 

• Rotational motion, where the ob|ect orientation with respect to the measurement device is changing 

[0005] It is also useful to classify the measurement devices according to the number of simultaneously obtainable 

z:Zs m z: s e Ty (ona two or ,hree d,mens,ona,) and ,he number ° f cri,icai com ^- s (-i 9 hr S ourcis s 

SSes" ShOU ' d ^ n °' ed ' hat 3 SPeC " iC me,h ° d maV b6 re ' a,ed '° m ° re than ° ne 9roup In the above Classification 

[°°° 7] , A n , Umber °' SySlemS Capable of no "-contact measurement of the transverse velocity and/or mot,on of objects 
using op. cal means have been reported These methods can include Speckle Ve.ocmetry method, and Laser Doppler 
17! methods of interes < 'or understanding the present invention are Image Velocime.ry meth- 

ScT) P ' er Ve ' OCime,ry ° r ,n,erfer ° m ^ melhods and Optical Coherence Tomography 

[0008] Speckle Velocimetry methods are generally based on the following operational principles: 

• A coherent light source illuminates the object the motion of which needs to be measured 

• The Hlummated ob,ect (generally an opaque surface) consists of multiple scattering elements, each with its own 
reflection coefficient and phase shift relative to the other scattering elements 

' llVTlTf ^ n C !T iC ' en,S and PhaSe Sh " ,S are substan '-"y ^ndom. At a particular pom. in space the 
electric field amplitude of the reflection from the object is the vector sum of the reflections from the illuminated 

racn e e.eme e nt menlS! ^ " add " i0nal Ph3Se C ° mP ° nent ' ha ' d8pendS ° n ,he dlSlanCe between * be and 

• a T d h d e 2 1 T P iTeZ : ss^s. be h,9h when contr,butions 9enera,,y add in phase and iow ^ »•* 

' ptelZZtaZZ ( t a h S p ? POSed '° ? P H 0 ' n,) ' 80 ima96 °' rand ° m b,l9ht and dark areas is formed since < he -lative 
phase retards ion of the source points depends on the location in the plane This image is called a "speckle image " 
composed of bright and dark spots (distinct "speckles") 9 

• The typical "speckle" size (the typical average or mean distance for a significant change in intensity) deoends 

o;":!! 1 at:re W a aVe ' en9 ^ ° n d ' S,anCe b6,Ween ^ ° b)eCl a ' ld ^ Sp6Ckle ' ma ' e b ' a - -dire size 

• If the object moves relative to the plane in which lhe speckle image is observed, the speckle image will move as 

tne llumTnSd ami' 6 T* ^ ^ ^ «*" a ' S ° ^ S,nce some scaSeTs leave 

tne illuminated area and some enter it). 

■ The speckle image is passed through a structure comprising a series of alternating clear and opaque or reflecting 
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,ines such that the speckle image is modulated. This structure is generally a pure transmission grating, and, ideally 
niared close to the detector for maximum contrast. 
. The ^ detelr translates the intensity o. the light tha, passes through the structure to an e.ec.nca, s,gna, wh.ch ,s 

a function of the intensity (commonly a linear function). 
. When he object moveswith respect to the measuring device, the speckle image is ^^^"2 

such that the intensity of light that reach the detector is periodic. The penod .s proportional to the line spac.ng of 

ihp structure and inversely proportional to the relative velocity. 
. £ ',^^?anBiy.to. oscillation frequency can be found, indicating the relative velocity between the ob.ec. 

and the measurement device. 

' r00091 For these methods high accuracy frequency determination requires a large detector while high contrast in the 
s?anal requ° es a small detector. A paper by Popov & Veselov, entitled "Tangential Velocity Measurements of D.ffuse 
S^ec.l by Us!n 9 Modulated Dynamic Speckle" (SP.E 0-8194-2264-9/96), gives a mathematical analysis o, the accu- 

s rooiOl SP u e s k pa.en° 3^2 237 to Flower, el al. describes a speckle velocimetry measuring system in which either a 
<JT£ hole is used to modulate the speckle ,mage. When the pin-hole is used, the signal rep- 
resents the passage of individual speckles across the pin hole. Hi««»»i«nai 
001^ US patent 3,737,233 to Blau et. al. utilizes two detectors in an attempt to solve the problem of d rectiona. 
Lmb auitv which ex sts in many speckle velocime.ric measurements. It describes a system having two detectors each 
o It an assorted Snsr^ssion grating. One of the gratings is stationary with respect to its detector and the other 
move" ; wifr "elpec. to Us detector'sased on a comparison o, the signals generated by the two detectors, the sign and 

^"aX" e, a,, also attempts to avoid the directional acuity by proving a 
moving gating. It provides a bias for the velocity measurement by moving the grating at a veloat y higher then the 
•s maximum expected relative velocity between the surface and the velocime.er The frequency shift reduces he effect 
"gesTthe total light intensity (DC and low-frequency component), thus increasing the measurement dynam,c 

roofarpCT plication WO 86/06845 to Gardner, et al. describes a system designed to reduce the ^ amplitude > of DC 
and low frequency signal components of the detector signal by subtracting a reference sample of the light from , he 
3 o "urle from the speckle detector signal The reference signal is proport.ona, to the total light m.ensi.y on the detector, 
reducina or eliminating the influence of the total intensity variations on the measurement. 

00 4 °his re erence signa, is described as being generated by using a beam-splitter between the measured surface 
and the primary detector by using the grating that is used for the speckle detection also as a beam-splitter ^"9 the 
fransmitted light lor the pnmary detector and the reflected Ugh, for the reference detector) or by using a second se of 
os detecTo s to prov.de the reference signal. In one embod.men. described in the publication the two signals have he 
same DC component and opposite AC components such tha, the difference signal not only substanually removes the 
nr /and near DC^ components but also substantially increases the AC component. 

roOIS "n US pa en, 4 P 794.384. Jackson describes a system in which a speckle pattern reflected from the measured 
surface i formed on a 2D CCD array. The surface translation in 2 dimensions is found using electronic correlation 
,o be ween successive images He also describes an application of his device for use as a "padless optica, mouse. 
5KT v^meSy methods measure the veloeity o, an image across the image plane. The 

contrastmq elements A line pattern (much like a grating) space-modulate the image, and a light-sensitive detector ,s 
o, light that pass through the pattern. Thus, a velocity-to-frequency ^£Z££%Z 
the image velocity and the detector AC component. Usually, the line pattern moves with respect to the detector so that 
the frequency is biased. Thus, the direction ambiguity is solved and the dynamic range expanded. 
TOO 71 A paper by Li and Aruga. entitled "Velocity Sensing by Illumination with a Laser-Beam Pattern" (Applied Op -cs 
KoStbes image velocimetry where the object itself is illuminated by a periodic 
^ passing ts image through such a pattern). The Hne pattern is obtained by passing an expanded laser beam hrough 
plriod" transmission gracing (or line structure). According to the suggested method the object st.ll needs to have 

50 rooTsf There' exis't a number of differences between Image Velocimetry (IV) and Speckle Velocimetry (SV). In par- 
icu a in SV the random image is forced by the coherent Ugh, source, whereas in IV an image with proper contrasting 
elemensfs a ready assumed Furthermore, in SV the tangentia, velocity* the object is measured, wherea n IV the 
TnguZVe,oci,y is measured (the image velocity in the image plane is proportional to the angular velocity of the fine 

55 mo'jS 11 In US Paten. 3 511 150 to Whitney e. al.. two-d.mens.onal translating of line patterns creates a frequency 
[0019] in US Paten, j.jv. y „ „ |hft necessarv translating line patterns a, specific elongated 

Z«^T* rrr^' measured on-line using an additional detector measuring a fixed 
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image. The line pattern is divided to two reg,ons. each one adapted for the measurement of different velocity ranqe 

s 525 on^ S^ 479 ,0 DOVle deSCnbeS ^ ' ma9e "*"*"^ *y«™ ^ - ^-ncy offset der.ved from a 
[0021] Laser Doppler Veloc.meters generally utilize two laser beams formed by splitting a single source which inter 
fere a, a known position. A light-sca.tenng object that passes through the interfering .^ aSlSSiSS 

veToX The ote Ct ° r ^ S ' 9na ' ' nC ' UdeS " ° SM ^ * e ™« ^ ^ t he obje 

velocty The phenomena can be explained in two ways. One explanation is based on an interference oattem ,hJu< 

An oSci ,h : tW ° ' eamS ThUS ' 10 ,ha ' SpaCe the ,n,enS '^ Chan 9 es P erlod -"V betw en b"gh and daTp anl 

S 9h P ' aneS SCaUerS th8 ' i9ht ' n pr ° p0rlion to lhe lj 9ht intensity. Therefore the defected Hah, 

-s modulated w. h frequency proport.onal to the object velocty component perpendicular to the interference planes A 
second explanatton considers that an object passing through the space in wh.ch both Ugh. beams exist scatters Lht 

« , I reMeC : i0n " Sh " ,6d ' n ffeqUenCy dUS '° ,he Doppler effect However, the DoppS.U o he two beams 

LI IT \ T ,he M d " ,erent an 9 les of the '"cU.nl beams. The two ref.ec.ions interfere on he debtor suTh 
that a beat s.gnal ,s established, with frequency equal to the difference in the Dopp.er shift Thi differencT.s thus 
Proport.onal to the object velocty component perpend,cular to the .n.erference planes 

[0022] I. is common to add a frequency offset to one of the beams so that zero object velocity will result in a non 

20 ZZn qU T CV m r Urement Th ' S S °' VeS ' he m0 " 0n direC " on amb '9 u "V (caused by the .nabiNtyTo dTfferenUate be 
.ween pos,,ve and negat.ve frequencies, and i, greatly increases the dynamic rang I (sensitivity to ^T^sZ 

ESSSXXZT the DC components The frequency offset also has ° Li a ~ ssrss 

aTasMineaf Zlt^ZJ 85 ',° T ^ 8UCh 3 ^ The of,3et ' s demented by providing 

2S tlfll !h t V . P ° ' he S ° UrCe bSam bef ° re " 13 spllt The me,hod ° f s P'i'"n9 is such that a delay exists 
the beams * ^ ^ ' 8 SW6pt ' ,he d6 ' ay ™«* - * "xed frequency different between 

S Each'oHh" 63 ^ d " f r ent ,reQUenCy ° ffSetS C3n be SXtraCted b V ,ur[her S P"»""9 source with additional 
mrSi f k ! yS 13 ' hen USSd f ° r measurl "9 a different velocty dynamic range 
30 h!m P pf Pe ?I Matsubara ^ et al - ent,tle d "Simultaneous Measurement of the Velocity and the Displacement of 

35 S°n? m ^ H ° mod /rf Heterodyne Doppler Measurements, a coherent Ugh. source is split into two beams One beam 

LTh 7 ' na,eS an ° b|eCt Wh ° Se Ve ' OCi,y 18 »° be measured ^ ot^r beam (a yTeZce^Z^Us 

' TllT^ refe ; h enCe f elemenl ^ » -irror, wh,ch is part of the measurement system The thTrelcedTom 

reference e,ement are recomb,ned ^ by the — *™ Ueo and ^.^si: 

.0 S!S? ' reqUenCy ° f ,he "9 ht reflected from the object is shifted due to the Doppler effect in proportion to the 

2£? " ? C ° m ^ ent 31009 ' he b,SeCt ° r bS,Ween the P nma, V bea ™ and the reflected bean ^ ThusTtheX ed 
beam coincides with the primary beam, axial motion is detected reflected 

EL IT deteCl0r ' S S6 f ive *° the "9h< in.ens.ty, i.e.- to the square of the electric field. If the electric f.eld received 

TeZ s E ' 6 de 1T "Jf 0 !? = E0COS(tO0, + <P0) the eleCtr ' C fiSld — d <™ cS on he 
45 mooq th. 7, ' ( u 1 + ' Pl) " deteC, ° r ° UlpUt S ' 9nal ,s Proportional to (E 0 + E,)2 . E„2 + E n E, + E 2 
comSnJ? Th' m ° n r ' 9ht SldS ° f thS eqUa,i ° n 13 aV6ra 9 ed b V th ^ lector time-constant and resut DC 

from the oh,^ e T? r6 ' erenCe bSam ' S 9enera " y mUCh 3,r ° n 9 er ,han « ha ' °' ^ Nght reading the detector 
from the object, so the last term can usually be neglected Developing the middle term: 

50 E 0 E I = r =o E l cos ( 0 >o l + 'PoJCOSCoijt + <p,) 

-1/2E 0 E,[cos((o> 0 + o>, )t -H ,p 0 + < P| ) + cos((o) 0 - «.,, )t + , Pq - , Pl )] 

ss t [0 ° 3 °L Fr ° m thiS eqUati ° n <l ' S eViden ' that E « E ' includes ,wo oscillating terms One of these terms oscillates a. abn„. 

55 vv.ce the op„ca, frequency, and is averaged to zero by the detector t.me-constant. tJT^^SS^^ 
frequency r^ - w , re, with the same frequency as the frequency shift due to the Doppler effect ZTZ telTr 
outpu s,gnal contains an oscilia.ing component with frequency indicative of the measured velocity 
[0031] I, , s common to add a frequency offset to the reference beam. When such a frequency bias is added it is 
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termed Heterodyne Detection. 

T00321 US patent 5 588.437 to Byrne, et al. describes a system in which a laser light source illum.nates a biological 
issue Light reflected from the skin surface serves as a reference beam for homodyne detection of light that is reflected 
from blood flowing beneath the skin. Thus, the skin acts as a diffused beam splitter close to the measured object. An 
5 advantage of using the skin as a beam splitter is that the overall movement of the body does not effect the measurement. 
Onlv the relative velocity between the blood and the skin is measured. 

r00331 The arrangement uses two pairs of detectors. Each pair of detectors is coupled to produce a difference signal. 
This serves to reduce the DC and low-frequency components interfering with the measurement. A beam scanning 
system enables mapping of the two-dimensional blood flow. , 

io [0034] in Optical Coherence Tomography (OCT), a low-coherence light source ("white light") is directed and focused 
to a volume to be sampled. A portion of the light from the source is diverted to a reference path using a beam-sphtter. 
1 The reference path optical length is controllable. Light reflected from the source and light from the reference pa h are 
recombined us,ng a beam-splitter (conveniently the same one as used to split the source light). A '^-sensitive detector 
measures the intensity of the recombined light. The source coherence length is very short, so only the light reflected 

is from a small volume centered at the same optical distance from the source as that of the reference light coherently 
interferes with the reference light. Other reflections from the sample volume are not coherent with the re erence light. 
The reference path length is changed in a linear manner (generally periodically, as in sawtooth waveform). This allows 
for a sampling of the material with depth. In addition a Doppler Irequency shift is introduced to the measurement, 
allowinq for a clear detection of the coherently-interfering volume return with a high dynamic range. 

20 [0035] in conventional OCT. a depth profile of the reflection magnitude is acquired, giving a contrast .mage of the 
sampled volume. In more advanced OCT, frequency shifts, from the nominal Doppler frequency, are detected and are 
related to the magnitude and direction of relative velocity between the sampled volume (at the coherence range) and 
the measurement system. , ,. 

[0036] ■ US patent 5,459.570 to Swanson, et al. describes a basic OCT system and numerous applications of the 

rooST A paper by Izatt et al., entitled "In Vivo Bidirectional Color Doppler Flow Imaging of Picoliter Blood Volumes 
Using Optica. Coherence Tomography" (Optics Letters 22, p. 1439. 1997) describes an optical-fiber-based OCT with 
a velocity mapping capability. An optical-fiber beam-splitter is used to separate the light paths before the reaction 
from the sample in the primary path and from the mirror in the reference path and combine the reflections in the opposite 

rOOMI 0 " A paper by Suhara et al., entitled "Monolithic Integrated-Optic Position/Displacement Sensor Using 
Waveguide Gratings and QW-DFB Laser" (IEEE Photon. Technol Lett 7, p.1 195, 1995) describes a monolithic, fully 
integrated interferometer, capable of measuring variations in the distance of a reflecting mirror from he ™asur,ng 
device The device uses a reflecting diflraction element (focusing distributed Bragg reflector) in the light path from the 
35 source as a combined beam-splitter and local oscillator reflector. Direction detection is achieved by an arrangement 
that introduces a static phase shift between signals ol the detectors 

[0039] Each of the above referenced patents, patent publications and references is incorporated herein by reference. 
SUMMARY OF THE INVENTION 

r00401 The present invention in its broadest form provides an Optical Translation Measurement (OTM) method and 
device capable of providing information indicative of the amount and optionally the direction of relative translation 
between the device and an adjacent object. Preferably, the object is at least partly rough and is closely spaced from 
the device As used herein, the terms "rough" or "diffuse" mean optically irregular or non-uniform. In particular, the 
45 object may have a diffuse opaque or semi-transparent surface such as a paper. This specification deals mainly wUh 
determining the translation or velocity of such diffuse surfaces. However, it should be understood that many of the 
methods of the invention may also be applicable to determination of translation of other types of ob,ects such as small 
scattering particles, possibly suspended in fluid. Translation of the object means that its rotation in space may be 

50 roo 9 41l leC |n a first aspect of some preferred embodiments thereof, the invention provides heterodyne or homodyne 
detection of non-Doppler, non-speckle-image signals derived from changes in the phase and/or the amplitude of re- 
flection from an optically irregular surface. .h^c^fmrMinn 

f00421 In a second aspect of some preferred embodiments of the invention, applicable to various methods of mot on 
or velocity detection, a system is provided in which a reflector which reflects part ol the incident light is placed next to 

55 the surface whose motion is to be measured. The reflector provides a local oscillator Signal which is inherently coherent 
with the light which is reflected from the surface This aspect of the invention is applicable to both Doppler and non- 

[0043] ' In a preferred embodiment of the invention, the partial reflector is an apertured reflector in which the illumi- 
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thenll? 6 Wh ° Se m °' i0n ' S meaSUred PaSS ,hfOU9h ' he aperture ln a P referred embodiment of the invention 

the partial reflector covers a por.,on of the measured surface and has a substantial amount of transmission In his 
preferred embodiment of the invention, the reflections from the surface pass through the partial reflector A combination 

,s of,en use,ul ' especia,,y ,n — e — ts - - — «s 

Sd lo^^ * — — pattern is 

[0045] In a fourth aspect of some preferred embodiments of the invention, a phase shift is introduced between the 

ha di ZT, , Part ' al ref ' eCt0r ref ' eC,IOn fr ° m ,he SUf,ace This P hase shift enables «he de.erm inaMon of 

he direction of motion, increases the dynamic range and improves the s,gnal-to-noise ratio 

[0046] This phase shift may, in some preferred embodiments of the invention, be dynamic ie time varvina Such 
Phase vanat.ons are conveniently performed by moving the reflector e„her perpendicu.arly to the Tface o? pa^e 
to the surface or a combination of both Also, the movement may be of a pattern on the reflector, e g - the movemen 
of a sending wave acting as a grating in a Surface Acoustic Wave (SAW) component. In this respect it is the pa«er n 
on the reflector that moves, and no. the whole reflector Alternatively, the phase shift is introduced by penodical Z 

olZZl " ,Sn9th b6tWeen ^ fefleC,0r SUrf8Ce 8 9 bV inSe ' tln9 3 P-o-e.ec,ric mXL^he 

Iw,? Th8 , phaS ( e Sh,f ; may a,so be a sta,ic P hase ^ift. Conveniently, this static phase shift is accompanied by a 
change ,n polarization of one of the beams (or a par. of the energy in the beam). The direction of motion is determined 
by a measurement of .he phase change and more particularly by measuremen. of the s,gn of the phase changT In a 

w fh Z nhT r ent ,° f ,hS ' n r nti ° n ' the Phase ° f a P° rtl ° n of a beam ^ose phase's no. changed i compared 
with the phase of a portion which is changed, to determine the direction of motion compared 

[0048] A fifth aspect of some preferred embodiments of the invention provides for Doppler based detection of motion 
of a surface ,n a direction parallel to the surface In this aspect of the invention, a eingte beam mayle fc5£,™ an 
angle to the surface or even perpendicular to the surface incident at an 

S^, A r.' h a n P f Gt ° f S ° me Pr9ferred embodiments ° f 'he invention provides for Simultaneous two or three dimen- 
sional translation detection using a single illuminating beam and a single reflector to provide local oscillate -reference 

°* "™ - *" ~ » a - — <° ~Te 

30 \X ?Jl a r,rT ^T' °' S ° me Pref6rred embodlmenls of 'he -ven.ion, on !y a sing.e spa„al frequency of the 
TkS^^L^"" "h!! T 5 meaSUfement Pre,erabl * a s P a -' ««er is provided such that the illumination 
JThe detecr substantially only a sing.e spatial frequency of the ref.ected radiation is detected 

[0051] In some preferred embodiments of the invention which incorporate this aspect of the invention the spatial 
Hter comprises a ens having a focal point and a pinhole which is placed a, the focal point o, the lens " 
;?,rh I , Pre erabl V he ,l,umina " on °' 'he surface is co.limated and the spatial filter filters the reflected illumination 
r 00S3 r a h " " h C,6d fr ° m SUrfaCe subslan " al| y ™ a single direction is detected by the detector 

0053] A device, according to a preferred embodiment of the invention, includes a light source a grating a spatial 
filter, a photo-de.ector. and signal processing electronics. The light source provides at leas, partially coheS'radSn 
which ,s directed toward the surface An optical grating is placed between the surface and the W^ZSZSL 
close ,o the surface The light reflected from the surface interferes with the light that is reflected to^rZo ^ 

LttaM lnC 'r deS 8n OSC " la,ln9 C ° mPOnent ' ' hat ' S representative 9 o, the surface UanZ^reStoZ 

op heal device. The interference may take place with the normal reflection from the grating or with light diffrac ed a^any 
12 ° rd rf. MOSl Pr6ferab,y ' ,hS "*« P asses -rough a spatia, filter pr,or to detection by the detector Two 
d mensional translation measurement may be achieved by using orthogonal reflection orders from a two-d,mens,ona° 
E ^of 0 ,he y ,ra ST '° r the two A >hird dimension may be deduced by 

la ton of the translates measured in two different orders at the same axis (e.g.- 0 and 1 1 and 2 -1 and 1 etc 1 or 

r W 00541 "on 3 , M a 'i deteC,0 | S ' mUltane0US| y ^ di »— s '9na, anaiys.s' techniques on the same s!gna ' 

, , P ?h "° n ° f dlreCUOn ° f ' ranS,a,i0n (as °PP° sed 10 "' s absolu «e magnitude) is preferably achieved 
by modulating the grating position to provide a frequency offset Alternatively, a varying optical path length between 
me grating and the surface introduces the frequency offset Alternatively, an asymmetric pattern for the grating "ans 
by o,her a mlr r0Pna,e SiQna ' ™">^™*<™^ ™» he used Alternatively, the direction may be SmTned 

m^i 1 The | T h0d , anddeViCe °' ' he inVenUon are a PP |lcable «o a wide range of applications that require measure- 

oTmov ina ZtT ^ aPP ' iCati ° n " 3 " Pad ' eSS ° P,ICal m ° USe " ' hat Can effectivel V a eulor movemen, 

by moving the mouse across an optically diffuse surface such as a paper or a desk-top. Another exemplary application 

a^v other trans^t'io ° ^ ^ ° V6r a device a P ert - e to cent J feu so or 

any other translation or velocity controlled entity. 
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[0056] In accordance with a preferred embodiment of the invention, the measurement apparatus comprises a light 
source (or providing at least partially coherent radiation. The source radiation is directed toward an optical oneOimen- 
sional or two-dimensional grating, which is preferably close to the reference surface. The light reflections from the 
grating and from the surface interfere, and the light is collected through a spatial filter (for example, a lens and a pin- 

5 hole at its focal point) into a light-detector. The resulting intederence signal contains beats related to the relative trans- 
lation of the optical apparatus and the surface. Counting the "zero crossings" of the oscillating detector s.gnal performs 
direct measurement of the amount of translation. In preferred embodiments of the invention, the translation is measured 
directly by counting zero crossings and is thus not subject to errors caused by velocity changes. For preferred embod- 
iments of the invention, substantially instantaneous position determination is established. 

10 [0057] In many applications the translation direction as well as its magnitude is required. In a preferred embodiment 
of the invention this is accomplished by incorporating a phase shifting device (such as a piezoelectric transducer) which 
creates an asymmetric phase shift pattern (typically a saw-tooth waveform) between the light reflected from the gral.ng 
and from the surface, enabling simple extraction of the direction information. Alternatively, direction detection is ac- 
complished by using a preferably specially-designed asymmetric transmission pattern for the grating/matrix (such as 

is a saw-tooth transmission or other form as described herein) with appropriate signal processing/manipulation on the 
detector output signal. An asymmetric transmission pattern provides means for motion direction detection in other 
velocimetry methods as well, such as speckle velocimetry. 

[0058] A speckle-free, coherent detection of translation may be determined by collecting the scattered light (the light 
which passes through the grating and is reflected from the moving surface) with a spatial filter, such as a combination 
20 of a focusing lens and a pinhole aperture (or single mode optical fiber) at the focal position of the lens. The light reflected 
from the surface is combined with a local oscillator light field (which is preferably the light reflected or diffracted by the 

ihmnnh ihfisnatial filler. The interference 
grating itseii). wnicn neio is pieieiciuiy a yai i ui mc nym ^cc.,,. ..... ^ - -, 

with the strong local oscillator light source provides amplification of the detected signal by an intensity-sensitive pho- 
todelector This coherent detection method is termed homodyne detection. 

25 [0059] The spatial filter is operative to spatially integrate light reflected from the surface to a detector, such that the 
relative phases of the reflections from different locations on the surface are essentially unchanged when the surface 
moves with respect to the detector. Furthermore, the phase of a scatlerer on the surface (as measured at the detector) 
depends linearly on the surface translation. Also, the spatial filter is ideally used to filter the local oscillator such that 
the detector will integrate over no more than a single interference fringe resulting from the interference between the 

so local oscillator and the light reflected from the surface. 

[0060] In one extreme case, the light incident on the surface is perfectly collimated (i.e.- it is a plane wave) Thus, 
the spatial filter may simply be a lens with a pinhole positioned at it's focal point. Any translation of the surface does 
not change the relative phases of the light integrated by the spatial filter The local osc.llator formed by the reflection 
or the diffraction from the reflector or grating is also perfectly collimated, so that it can also be passed through the 

35 spatial filter (the spatial filter is positioned such that the image of the source falls on or within the pin-hole) This forces 
a single interference fringe on the detector. No limitations are imposed (with regard to spatial littering) on the spacing 
between the reflector and the surface. . 
[0061] In another extreme case, the spacing between the surface and the reflector is negligible. Th.s allows for the 
use of a substantially non-collimated incident beam while still maintaining the relative phases of the reflections from 

40 the surface irrespective of it's translation and also maintaining the same focusing point for the local oscillator and the 
reflection from the surface. Optionally, the spatial filter may be implemented with a lens and a pinhole positioned at 
the image plane of the reflection of the source as a local oscillator. 

[0062] In order to have (at most) a single speckle integrated by the detector, the pinhole size should not exceed the 
size of about a single speckle formed by the reflection from the surface (for this reason, the measurement may be 

45 termed "speckle-free"). Thus, if the detector itself is small enough, it may serve as an integral part of the spatial filter 

and a pin-hole is not required. 

[0063] The requirements of unchanged relative phases and single interference fringe with the local oscillator at the 
detector can be fulfilled in a multitude of optically equivalent ways. In particular, the requirement may be establ.shed 
using a single converging lens positioned before or after the reflection of the light from the reflector. Alternatively, the 

so lens and the reflector can be combined in a single optical device. Also, a collimating lens may be positioned between 
the beamsplitter and the surface (i.e.- only light to and from the surface pass through this lens). 
[0064] Non-ideal spatial filtering (as when the pin hole is too large, or when it is out of focus for either the reflection 
from the surface or the local oscillator or both), results in deterioration of the signal and possibly the addition of noise 
to the measurement The level of deterioration depends on the amount and kind of deviation from the ideal. 

55 [0065] In a preferred method according to the present invention, both the surface illumination and the reference light 
are provided using a single optical element, preferably a grating. The surface and reference light share a single optical 
-ath through all c! the optica! elements in the device Moreover, the spatial amplitude and/or phase modulation, imposed 
on'the'light reaching the surface by the grating, provide additional means for measuring the surface's translation. In 
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particular, tangent.al translation can be measured even for specular reflection from the grating, where no Doppler shift 
exists, and identification of the direction of motion can also be achieved. 

[0066] There is thus provided, in accordance with a preferred embodiment of the invention, a method for determining 
the relative motion of a surface with respect to a measurement device comprising: 

illuminating the surface with illumination, through a partially transmitting object, such that illumination is reflected 
from the surface to illuminate a detector with illumination which is not an image of a point on or a portion of the 
surtace, 

simultaneously illuminating the detector with reference illumination derived from said incident illumination 
coherently detecting the reflected illumination of the detector utilizing said reference illumination such that the 
detector generates a signal: 

determining the relative motion of the surface parallel to the surface, based on variations of the signal with motion 

[0067] Preferably, the incident illumination is at a given wavelength and wherein the reference illumination is at the 
'5 same wavelength such that the coherent detection is homodyne detection. 

[0068] Preferably, the method comprises spatially varying the illumination of the surface. Preferably spatially varying 
the illumination of the surface comprises illuminating the surface through a transmission grating having spatially varying 
periodic transmission. M 
[0069] Preferably, the method includes: 



illuminating the surface through a grating which reflects a portion of the illumination incident upon it toward the 
detector to form said reference illumination. 

[0070] There is further provided, in accordance with a preferred embodiment of the invention a method for deter- 
mining the relative motion of a surface with respect to a measurement device comprising: 

illuminating the surface with illumination such that illumination is reflected from portions of the surface 
placing a partially reflecting object adjacent to the surface- 
coherently detecting the illumination reflected from the surface, utilizing illumination reflected from or diffracted bv 
the partially reflected object as a local oscillator: and 
determining the relative motion of the surface, in a direction parallel to the surface, from a characteristic of the 
signal based on the reflection reflected from the surface 

« fSSI! ^ re , ferably ' ,he relative mot,on ls detected utilizing a Doppler shift of the illumination reflected from the surface 
[0072] Preferably, the partially reflecting object is a grating and wherein illumination diffracted by the grating is used 
in determining the motion 

[0073] Preferably, the method mcludes determining the relative movement of the surface in a direction perpendicular 
to the surface. 

[0074] In a preferred embodiment of the invention, coherently detecting comprises: 

detecting amplitude or phase variations of the reflected illumination: and 
detecting a frequency shift of the reflected illumination: and 

determining the relative motion comprises: 

measuring relative motion of the surface in a d.rection parallel to the surface responsive to at least one of the 
detected amplitude or phase variations: and 

measuring relative motion of the surface in a d.rection perpendicular to the surface responsive to the detected 
frequency shift. 

[0075] Preferably, the method comprises: 

periodically moving the object in a d.rection perpendicular to its surface to add a periodic phase shift to illumination 
reflected therefrom: and 

utilizing said phase shift to measure the motion of the surface. 

[0076] There is further provided, in accordance with a preferred embodiment of the invention, a method for deter- 
mining the relative motion of a surface with respect to a measurement device comprising: 
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nominating the surface, .rom a source, with incident illumination such that illumination is reflected from portions 

^.HS^i^ur-naUon such that the phase o, the detected optica, illuming ,rom a given 
s a e er o h surface is substantially constant or ,inear,y related to the translation o. the surface. 
geneSng a signa, by the detector responsive to the i„um,nation incident on the detector, and 
determining the relative motion ol the surface from the signal. 
10077] Preferably, determining the relative motion of the surface comprises determining the relative motion o, the 

piaced adjacent to the surface which reflects or diffracts il.uminat. on Jo ^ Q( , he jl|um , 

[0082] In a preferred embodiment of the invention, 

20 fleeted illumination is detected by the detector. 

[0083] In a preferred embodiment of the invention: 

in a single direction is detected by the detector. 
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comprising: 

^TaH^ 

The memod oHhe invention to determine the translation of the housing with respect to the surface. 
BRIEF DESCRIPTION OF THE DRAWINGS 

T0090] The present invention will be more clearly understood from the following description of the preferred embod- 
iments of the invention read in conjunction with the attached drawings in wh,ch: 

Fig 1 is a schematic representation of a preferred embodiment o, a motion transducer, in accordance with a 

l^T^TZ^oT^^ pen in accordance »«n a p,e.er, 9 d .rebodim.n, o, Jh. »»*n: 
lifSSS SSJESd »eeK c, e le e„on fc ci,e ui „v, s U «e ,o. u s e in p,.,.-,« en,Podin,en, s 
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DETAILED DESCRIPTION OF PREFFRRPn EMBODIMENTS op the iNyejriON 

Se^Jodtr, Sn^SS^ 01 . ^ ,ranS,a " 0n «* a 12 * accordance with a 

col.ima.ed optica, radiation 14 suchTs a Hase TZelTZT * S °T °' " ^ C ° heren '' 
red laser. While other wavelength can bl Z ri 1 7 * ?f * 3 dKJde ,aSSr ' '° r exam P ,e a low P ow ^ infra- 
The source is preferabTy coZa Te6Ho We «er a non com™, T " Pre ' erred " reSU " S * Sye - Sa,e 
" below is used While it is desirable to us ^a cc l,mZ ~Z , SO " rce K ma * be US6d " com P^sa.ion as described 
not be particularly good colhmated source from depth of field considerations, the collimation need 

from (or diffracted by) grating ifandTah reft f.H ^ 16 rom surface 12 are described befow. Light which is reflected 
>* lens 18 and a pintJe 20) before SJSel2^?„ ^ h ^ b °' h inC ' dem 0 ° 3 Spa " al fi " er (com ? osed °< - 
beat s ig na, thafdepends on the mo," b ^2,^ J" T"" 9 ' nter ' erenCe 9 ' VeS " Se '° a 

spacing between grating 1 6 and surface 12 for darUv A^nU T T ^ ^ RgS Sh ° W an e ^ggera.ed 
in substantially all directions This radSio il show It Te V T F ' 9 1 ' rad ' a,i ° n ' S ref,eC,ecf ,rom ,he 
ta.ion 0 ,S Sh ° Wn ° n,y ' n F, 9 1 and not in lh e other drawings for clarity of presen- 

ang.e, such that light reflected from the qrala Z Jl J ,ight ^ equal to ,ne de,ecli °n 

order diffraction by the gm^^efSSiZ^T h ! ^ * ^ ^ ^ ^ ° Sa " ator first or h| 9^r 
(stability of the wave.ength is'no ^JjSSnH^TS^TT^ " " 

at the -1 and + 1 orders are indicated bv l l 9 , n P ed ° f con,,nuous Fig. 1 , light diffracted 

surface is .nd.cated ty rZinTn^u ™* eM y Light wh,ch is scattered by the 

» izrzir *r r for l: ~~^sz^t^t de,ection resu,,s ,n an ,n,rinsic 

g-ve rise to a transition dependent Si sSaT^S r" ^ ^ m ° , " n9 8Urfece ° n the de,ec,or 

- ong.n of the local oscil.L f,e,d - 

-SeS^^^^ """"on of the nomination reflected from the 

specular (zeroth order) reflection as "he Xence wall 9 9 Th ' S 6nab,eS de ' eC "° n °' tranSla " 0n ^ the 

lion orders produce ^^^^o^S,^ ^ ^ " no "^" ta ' «»~ 

- T P— (e g. sa.ooth modu- 

—^z^:?, ^j^ss^s^ and r uiation of the °- - 

transverse motion measurement coverage translal,or ' Actions in a s.ngle element, for a full two-d.mensional 

thet a ~o n r' ^r^LSS re" Pr °: d : S d,f ! erenl C ° mP ° nentS ° f the « ^ vector of 

measured ^^t o^Si^ 7" r^" a '° n9 ^ 3XiS P er P- d ' c u,ar to the gratfng can be 

uremen, by adding X^^T"^^ 9 '. T ?T ™ S a "° WS ^ ^ dlme ns,onal translation meas- 
-or the sa^e tran'erJe a "s ^dllfXlm gre^ng Oder's ^ aXi3 ' COmP ° nent ^ ' W ° - aS ~= perlormed 

- o^^^^Z^Z^ and/ ° r PhaS6) - ab ' e — ^ a " -ected 

pPeTrerS^^ Elation resu„ing 

translation plane) by a single detector. translation (in a transverse and axial 
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ro0961 In addition to spatial tillering related restrictions, the allowed distance between the grating and the surface 
generally depends on the. grating period A. the tight wave.ength X, the spectra, coherence w,d,h *X. the ...um.nated 

Ls a!Ll o cSla or is most pref erabie tor the spacing between the surface 1 2 and the grating 1 6 to be ™>»*« ■ 
as a local oscm.s i h a) wjdlh q( radia|lon reac hing the detector, 

a^S^ L^eSSl^ source. Thus, by proper spectra, ,i„ering along the optica, path, the 
soectra, contem eaching the detector can be limited and its coherence ,eng,h increased, .f th,s . necessary 
0098? ft thle preferred embodiments of the invention, in which the modulated transm.ss.on pattern ptays a mapr 
o°e fn the detection scheme, the spacing between the grating and surface 12 shoe * las obew ^"eaMirtd 
distance from the grating, .A2/4X. For the following embodiments the spac.ng « assumed to be near held. 

a 0 ^" * — - — — ,he incident ne,d and the 

grating field transmission function, respectively: 

E(t) = E 0 cos(o> 0 t) (1) 
A(x) = Xc m cos(27imx 1 A + V m) (2) 



so r0 l01l Plane-wave illumination by the light source over the grating area is assumed (i.e. a col mated beam), buns 
not st ictlv necessary provided, for example, the non-collimation is compensated in another part of the system (e.g.- 
2 sp2 niter) I is assumed for simplicity that the incident light is perpendicular to the grating (and no, as showr nn 
Fio T) Obi que incident light (in the direction of the grating lines and/or perpendicular to it) gives subs.ant.ally the same 
^h q shi ted ref.ecL ang.es Thus, the grating „e,d contains a series of reflected 

os ^metrically about the specular reflection component (zero.h order) and obeying (he angular cond.tion (for the n th 
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order): 



sin(a) = nX/A. (3) 



f01021 As shown in Fig. 1. a spatial filter in front of the detector is preferably comprised of focusing lens 18 and 
narrow pinhole 2 Tat the Lai point of the .ens. Such a spatial filter is preferably adjusted to select only a s.ngle spa a 
Zurncy component to reach the detector. The pinho.e can be rep.aced by a sing.e-mode optical fiber, having a s,m lar 
core SeteTand .eading the light to a remote detector. The spatia. filter is aligned such tha one of the d.ffrac .on 
oSrsrachesTht Sector, and'serves as the ,oca. osc.Hator for homodyne detection o. the reflected radiation, or (or 
heterodyne detection as described below The local oscillator field is given by: 



E 



LO 



(I) = E n cos(w 0 t+«p n ) (4) 



f0103l The reflected Held (rom the moving surface in the same direction as the n-th dillrac.ion order is represented 
Lyanntegalov^ 

plane, to the grating lines (y) and over the direction norma, to the surface (corresponding to tight penetration into the 
surface), results in a reflected field equal to 



11 



BNSDOCID: <EP 0942285A1 _l_> 



IS 



20 



25 



30 



35 



EP 0 942 285 A1 

x 2 

M<) = E 0 JdxA(x)r(x-p(t))cos((oot+27mx/A+ <j>(x-p(t))) (5) 

TaTslmed to Si" 'T^ f^^' amP " lUde PhaSG ref,GCtance of < he respectively The reflectance 

illumina.es a.aa " " ° ln " s 0 ra,lon ■» *. » x 2 . both delerminad by ,h. 



x 2 -p(t) 

E r (t) = E 0 JdxA(x + / Ht,)r(x)cos(^ ) t + 2, OT/ ,(t)/A + 2^x/A + # X )) (6) 



with integration limits now extending from x, -p(„ to x 2 -p(t) and thus be.ng t.me-dependent 
[0105] Replacing A(x) with its Fourier series and writing * nW = m+2K nx/A g,ves 



*2 ~P(t> 

E r (t) = E 0 / ^Sc m ^W^^ + 2 1 Imp^l)/A + VmW x^K(« 0 t + 2 m p(t)/A + * n ,^„ 
xj-pd) m ' 11,1 " 



(7) 



Kt) = (E LO (t) + E r (.,) 2 = E LO (.) 2 + 2E LO (.)E r (t) ♦ E,(.) 2 (8) 

^° [0108] Assuming that the local oscillator field is much larger than the reflected field E »F a „H rh»i , h h . , 
integration time is. much longer than an optical period time but much shorte than JnT' rwheS v k ^ 



signal directly. 
[0111] The measured cross term is equal to: 
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l s (t) = E n cos(io 0 t+<p n )E r (t) < 9 > 

[0112] Inserting the oscillating field term cos(o> 0 t) into the integral for E r (t) and using the cosine sum relations^ 
s ^^W^la+t) + coe(a-W) for the right-most cosine in (7), results in one intens.ty component at twice the 

anotne! with slowly varying phase. The fast oscillating component averages to zero be- 
cause of the detector's time response. The remaining signal is. 

w x?-p(t) 

I (t) « I n f dxXc m cos(2iimx/ A + 2jtmp(t)/ A + v^ m )r(x)cos(27mp(t)/A-(-<l)n(x)-<Pn) 

xi-p(t) m 

(10) 



[0113] Exchanging summation with integration, the contribution of each term to the sum is: 
x 2 -p(t) 

l sm (t) - l n c m fdxcos(2nmx/A + 2nmp(t)/A + v,/ m )r(x)cos(27rnp(t)/A+«t)nW- ( Pn) 
xi-p(t) 

(ID 



r0114l The grating has a period A. The average transmission of the grating is given by the m=0 term in the expansion 
S rl* TheCiremen, that the 'zero average' grating .unction (function minus the zero order term^ has on , wo 
zero crossings in any interval of length ,v Th.s requirement is equivalent to having c, » {c m , m > H Th.s ast requ^e 
30 m ent enables us to concentrate on just two terms in the sum over grating harmonics, the m = 0 and m - 1 terms. For 
these two terms we can write: 



x 2 p(t) 

L s 0 (t) - I n c 0 fdxr(x)cos(27nip(t)/ A 4- + n (x)-q> n ) U 2 > 
xi-p(t) 



X2~P(0 

Is l(t ) = i nCl jdxcos(2nx/ A + 2np(t)/ A + \|/ i)r(x)cos(27rnp(t) / A + 4> n ( x > " ( Pn ) (13) 
xi-p(0 

[0115] Attention is now focused on specific diffraction orders in the reflected and diffracted waves from the grating, 

the n = 0 (specular reflection) and n = ±1 directions. 

[0116] For the specular reflection term, the m = 0 contribution is: 

50 

x 2 -p0) 

l s0 (t) - Iqco {dxr(x)cos(<t>(x)) < l4) 
x|-p(t) 

; term will be nearly constant, and will change slowly as and 

is: 



[0117] For a diffuse surface with constant brightness this term will be ne 
when the average reflection from ihe surface changes. The m = 1 term is 
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X9-P(0 

=. loci |dxcos(2Kx / A +27rp(t)/A + v , )r(x)cos(<j)(x)) = 
Xl-P(t) 

X2-P(D 

costfjtptO/Atfocj Jdxcos(27tx / A + i,/ , )r(x)cos(<Kx)) - 

xi-p(t) (15) 

X2-P(0 

sin(27tp(t)/A)Ioc, {dxsin(2nx/A + VlMx)cos(*(x)) a 
xi-p(t) 

eos(2icp(t)/ A)f c (t) +sin(27rp(t)/A)r s (t) s l(t)cos(2:rp(t) / A - 9(t)) 

where the intensity l(t) and phase tt(.) result from ,n.egrals over random variables corresponding to the amplitude and 
phase reflects of the diffuse surface a. a spatial frequency 1/,v For diffuse surfaces with singfe ef ec.orTCe than 
the spa.tal wavelength A the contribution wHI come from gram boundaries. wh„e for diffus LrfaS^TjS 
f01 8 ^ T TT Str0 ? C ° mribut,0ns ,or a " ^ "wncies up to 1/d, where d is the average par Se sTe 
° 13 ,°\ Chan9e ° f ' heSe " rand ° m walk " variables de P<^s on the average time it takes a qtven set of 

(x ; W Jv'^eVrs'r 6 " 7 a , Wh ' Ch m iS re,a ' ed t0 ,hS Cha "* e ° f the ^.egratn region a o e 

t - (x x 2 )/v _ L/v, where v ,s the instantaneous velocity and L is the illum.nated size of the grating If a lame number 

of gra^ng periods are illuminated such that L»A, the result is fas. oscillations with a slowly vary" g s,a istSmnlde 

and phase The error of the translation measurement is proportional to A/L and is indepeUToHhe veS 

[0119] In summary for specular reflection translation measurement: o me velocity. 

1 The measured s.gnal at the detector output oscillates at a f requency of v/A. Detection and countino of the zero 
crossing points of this signal g.ves a direct translation measurement, each zerocross.ng co responding to a L V 

2 translation, provided that the translation direction does not change during the measurement P 

2 The measured signal s amplitude and phase are slowly varying statistical ensemble sums The relative accuracv 
of the measurement .s proportional to A/L, L being the illuminated grating s.ze V 

^~^^Z^Z1^^:^' * " DWK ' -* booking aga „ a , 

X2-P0) 

r s,0(0 = lic 0 |dxr(x)cos(2^p(t)/A- ( t)i(x)- ( p 1 ) ( 16) 

xi-p(t) 



X2~P(t) 

's,l<0 - lie, Jdxcos(2;rx/A + 2;rp(t)/A- f v , )r(x)cos(2^p(t) / A - h (x) -,p, ) (, 7 ) 

[0121] Using a decomposition of the cosine term in (16) as in (15) results in: 

55 'o.of 1 ) = l o (0cos(2/ip(t)/ A + 0 Q (t)) -• (18) 

[0122] In a similar manner the expression for the m = 1 term, (17) is: 
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l s| (t) = l,(l)cos(4rcp(t)/ A + i*»,(t)) < 19 ) 

[01231 Equation (19) neglects a slowly varying term that adds to the average detector signal (the "DC component). 

s An analysis of equations (16)-(19) shows that if c 0 »c,. the zero crossings of the signal correspond to Ap=A/2 while 
if c ft «c, zero crossings correspond to Ap=A/4. This result can be expanded to other reflection orders n>1 , whereof 
c„»c, the measured signal will oscillate according to np(t)/A. For lnl>1 , the c, term amount to oscillat.ons in two s.de 
bands around the c 0 oscillations as in amplitude modulation of a higher frequency signal. Notice that the m=0 term 
does not require near field conditions, so by fixing the distance to the moving surface so it is larger than the near field 

'0 limit =A2/4X but smaller than the coherence length =X2/aX, the m=0 contribution is dominant. Alternatively, a transmis- 
sion function for the grating such that c 0 »c, even in the near field can be used. 

[0124] The frequency associated with the c 0 oscillations depends on the transverse as well as axial (perpendicular) 
translation component (not shown in the above mathematical development). Conversely, the amplitude modulation 
(through the c. component) depends solely on the transverse component. When the frequency of the c 0 oscillat.ons 
<s is sufficiently high, this frequency can be measured by the frequency-related technique described above, simultane- 
ously with the detection of the amplitude modulation frequency to measure the transverse translation component. In 
this way, 2-D translation measurement (including motion perpendicular to the plane of the surface-i.e.. axial translation) 
may be achieved using a single detector. 

[0125] By frequency biasing the reference signal, the ratio between the carrier frequency and the amplitude modu- 
lo lation frequency can be made large, improving the measurement accuracy as well as allowing for detection of the 
direction of translation. Also, using specular reflection from the grating as a local oscillator enables a clear distinction 
to be made between the transverse translation component (indicated by the amplitude modulation) and the axial trans- 
lation component (indicated by the phase or frequency shift of the carrier frequency). 

[0126] Furthermore the phase shifting may be combined with an asymmetric transmission pattern of the grating (e. 
25 g.- sawtooth pattern) lor the purpose of transverse translation direction detection. Alternatively, the grating may be 
displaced for direction detection in the two dimensions. 

[0127] In essence for the non-specular diffraction embodiments of the invention, two quasi-plane waves are selected 
for detection by the detector. One of these waves is the result ol the nth order diffraction from the grating. The second 
plane wave is generated by the selection of one plane wave (by the spatial filter) from the reflections from the surface. 
30 [0128] In summary lor translation measurement using non-specular diffraction (and assuming constant velocity for 
clarity of the discussion): 

1 The measured signal at the detector output oscillates at a frequency of nv/A, where n is the order number. 
Detection and counting of the zero crossing points of this signal gives a direct translation measurement, each zero 
35 crossing corresponding to A/2n translation provided that the translation direction is not switched during the meas- 

urement. 

2. The measured signal's amplitude and phase are slowly varying statistical ensemble sums The relative accuracy 
of the measurement is proportional to A/nL, L being the illuminated grating size. 

3. The distance between the surface and the grating should preferably be smaller than the coherence length of 
■*o the light reaching the detector, =X 2 /Aa. 

[0129] Even though the absolute time-varying translation lp(t)l can be measured very accurately its direction is pref r 
erably determined using one of the methods described below. 

[0130] In one preferred embodiment of the invention, direction may be determined by applying an additional phase 
^ shift between the reference (local oscillator) field and the reflected field. This additional phase shift can be manifested, 

for example, by moving the grating towards or away from the surface. This movement does not change the phase of 

the field incident upon the surface, so that the reflected field is identical to that given above. The local oscillator field. 

however acquires an additional phase shift due to this translation that depends on the grating displacement d(t). 

[0131] Keeping the distance between the grating and the surface almost constant and introducing a fixed frequency 
so shift between the reflected and local oscillator Melds can be achieved by making d(t) a periodic saw-tooth function: 
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2* for 1 " , V , L „ G SaW "'° 0th ' f ' X,n9 ' he amp " tUde ° f lhe Saw - toolh lo 9' ve 2 * P hase sh '» (° r rnultiples of 
2k) for reflection at the nth diffraction order. The frequency shifl due to this motion is r«. and if r - > nv/A is maintained 

the direction of the motion is determined without ambiguity according to the frequency of oscillation of the detector 
signal, namely rW 'A. Alternatively, the translation (both positive and negative) is determined directly by counting 
IrTquencyr' S ' n9 Si9Pa ' ^ SUb,raC ' in9 " from the result of a simultaneous count of the oscillator 

Son n, h amPl ". Ud ! ^ idea '' 0 6 ' " dOSS n °' corres P° nd to lnle 9er multiples of the wavelength) the 
direct on can still be determined, however, the formulation is more complicated. As used herein, the term "saw-tooth- 
includes such non-ideal variations. 

[01 33] An alternative way of introducing a periodic phase shift between.the local oscillator field and the field reflected 
from he surface is to modulate the optical path length between the grating and the surface. This is preferably achieved 
by a transparent piezo-electric element mounted between the grating and the surface 

[0134] An alternative methodology to break the symmetry between positive and negative relative translation so that 
he translation direction can be detected, is to use an asymmetric function for the transmission (amplitude and/or phase) 
unction of the grating For simplicity, the formalism is developed for an amplitude grating For simplicity assume tha 

^?S7h 9 ' S r 96 T P 10 SPaC ' ng a, ° ng the tranSlati ° n 8X,S and ,hat k P° int sca,,erers ™ illuminated 

through the grating Scatterers entering or leaving the illuminated area are neglected (this will appear as a noise factor 

in a comprehensive treatment) After the interference with the local oscillator (which is no. shifted here) and filtering 
the optical frequencies, the resulting signal can be written as: 
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rjA(xj + p(t))cos(27cnp(t) / A + ) 



(21) 



40 



where r i; Xj and ^ are the reflectance, the position (at time t=0) and the relative phase (with respect to the local oscillator) 

TZ°T V < a r ne( Z ' 3 di " USe b ° dy ' heSe arS a " rand ° m Variables Thls Potation of the detector signal 
is used for the following direction-detection mechanisms. 

[0135] For specular reflection: 



45 



= r 0 £ r i A (*i + p('t))cos(<t>i) 



i = I 



(22) 



SIh? H As t SUm .' n 9 that « l > = vt 1 e " ch * n ges ^ the surface velocity are relatively small during the integration time 
used for determinate of the translation direction. Thus., the first and second derivatives of the received signal are 



50 



I s (t) = Io v £ r ic°s( + j) — (A(xj +vt)) 



(23) 
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k d 2 



l's(t) = 1 0 v 2 Z r iCos((|)i) 5-(A(xj+vt)) (24.) 



i=l dx ~ 



r0137] Assume that A(x) is constructed such that^4p= n In this special case it is evident that: l s (t) = nv-l s (t). 
Thus, the magnitude, and more importantly, the sigrYbf the translation velocity (i.e.- the translation direct.on) can be 
derived from the ratio between the first and second time-derivatives of the detector signal. 

w [0138] If the velocity cannot be assumed to be constant during the direction-decision integration time, then the de- 
rivatives may be performed with respect to the measured translation (which is known from the zero^ross.ng or from 
another detector with higher accuracy operated in parallel). If only the direction is required (and not the velocity mag- 
nitude) it is sufficient to check if the first and second derivatives carry the same sign (one d.rect.on) or not (opposite 
direction). A simple XOR (exclusive OR) operation after sign-detection of the derivatives will be "1" if the sign of is 

is opposite to the sign of v and "0" if they are the same. 

[01 39] An example of A(x) that satisfies the constant derivative ratio is a combination of exponents like: 



A(x) 



( A(l-e-^. x -i A > /A ): if jA<x<A(j + l/2) (25) 

} A(e~ y( * - ( j + 1 ' 2) A) / A _ e - y / 2 ); if A( j + 1/2) < x < A(j + 1 ) 



25 where the pattern is repetitive with a cycle A. II is evident that for this pattern the first and second (and in fact all) 
derivatives have a constant ratio as required, of n = -y/A. But, the singularity points in multiples of A/2 introduce "noise- 
to the measurement These singularities increase the error probability as the number of scatterers grow, since each 
one will appear in the received signal when a scatterer passes across it The relative no.se contribution is reduced as 
the direction detection integration time increases. 

30 [0140] The pattern is assumed to be the intensity of illumination on the surface. Thus, the requirement (or the near 
field is more stringent than the similar requirement for measuring translation magnitude alone in n=0 specular reflection 
An assumed transmission pattern is shown in Fig. 2, for y=5. This can be achieved by having a partially reflecting/ 
transmitting property for the grating, having an amplitude transmission function such as that shown in Fig. 2. 
[0141] A relaxed requirement from the transmission pattern is that the derivatives will have a constant sign relation- 

35 ship (i e - they are not exactly proportional, but their rations sign is constant along the pattern). Here. direction-detecHon 
is still assured for a single scatterer. but the error probability is higher than in the former case as the number of scatterers 
gets larger (even without the effect of the singularities). 

[0142] A similar analysis is possible for high-order reflection (lnl»1). Again, for simplicity the surface is assumed to 
move with a constant velocity, v. Equation (21 ) can be looked al as a sum of amplitude-modulated signals of a carrier 

-to with frequency nv / A . . , 

[0143] A(x) is now assumed to be asymmetric (e.g.- sawtooth waveform). For lnl»1 , the detector s signal envelope 
matches the transmission function for translation in the "positive" direction and is the inverse .mage the other way. 
Thus if the number of scatterers is small (the limit being dependent on the grating order n), the translat.on d.rect.on is 
represented by the sign of the first derivative of the detected signal's envelope. In addition, the magnitude of the en- 

JS velope derivative is proportional to the magnitude of the translation velocity. 

[0144] An asymmetric transmission pattern enables direction detection for speckle velocimetry. The detector signal 
resulting from a random speckle pattern, filtered by a grating with intensity transmission pattern A(x) ad|acent to the 
detector, can be represented as: 



k 

I s (t) = IoX r .A(x; +p(t)) (26) 
i=1 

ss where r, and x, are the intensity and pos.t.on of the i-th "speckle", respectively, and p(l) the surface translation Assuming 
constant velocity, p(t)=vt, the detector signal time derivative is: 



17 



BIMSOOCIO: <EP 0942285At_l_> 



EP 0 942 285 A1 
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[0145 The intensities r s are positive values. Thus, if dA/dx is constant, then the derivative of the detector signal is 
indicative of the translation direction. Such a pattern is accomplished using sawtooth transm.ssion pattern The dis- 
continuities ,n the pattern add noise to the measurement, requ.rmg the use of an appropriate integration interval in 
order to l.m.t the error probability. The motion velocity is determined from the frequency of oscillations of the detector 
signal. 

[0146] Of course, it is possible to utilize mechanical or other means (e.g. - an accelerometer) to determine the direction 
ot motion as a complementary component in an OTM device 

[0147] As was noted above, fluctuations in the source amplitude are directly transferred to the received signal via 
the local oscillator held. In order to m.nimize such noise, in accordance with a preferred embodiment of the invention 
a signal proportional to the source amplitude is detected and the resulting signal (termed the "compensation" detector 
and signal) is subtracted from the detector signal. This detection can be performed, for example, by: 

• Splitting the source beam with a beamspl.tter (which need not be accurately aligned) and direclmg the diverted 
beam to the compensation detector or 

♦ Directing any of the light beams reflected from the grating to a compensation detector without spatial-filtering ,t 
(but potentially with considerable attenuation). Conveniently this may be one of the grating orders not used for the 
spatial filter measurement e.g.- use order 1 for spatial filter and order 0 for source-noise compensation. 

[0148] The output of the compensation detector ,s amplified (or attenuated) so that the resulting difference signal is 
as close to zero as possible when the surface is not moving relative to the device (or when the "window" is closed with 
an opaque cover), thus compensating for the E 0 2 factor 

mav hi 1 ° rd T T C T Pen T Q f ° r E ° mU,t ' Plier ° f the E ' com P° nent ' the s'9nal from the compensation detector 
may be the control voltage of a gam -con trolled amplifier in one of the stages of the signal amplification (after the first 
compensation by subtracting the E 0 2 component) The gam should be approximately proportional to the inverse of the 
square-root of the compensation signal 

[01 SO] Fig. 3A shows a preferred implementation of a translation detector, in accordance with a preferred embodiment 

^ nir? f r W !" Ch Zer ° th ° rder d6teCti0n 15 US6d 3nd Which does not ™°rpo rat e direction detection, or in which 
the detection of the direction ,s based on an asymmetric grating transmission pattern and appropriate signal analysis 
Fig. 3A shows an integrated optical chip translation device 30 which is suitable for mass production It utilizes only a 
few components that can be manufactured in large quantities for a low price Device 30 comprises a laser d.ode 32 
preferably a single transverse mode laser Laser light from laser d.ode 32 is preferably collimated by a lens 34 which 
is preferably a diffract.ve collimatmg lens, etched into or deposited onto the surface of an optical chip substrate 36 of 
glass, quartz or the like, preferably coated with non-reflective layers on both sides other than in designated areas A 
gra ,ng 38 preferably, either an amplitude or phase type grating is mounted on optical chip substrate 36 Grating 38 is 
preferably etched or deposited onto the lower surface of substrate 36 Light reflected by the grating and light reflected 
from a surface 42 ,s reflected by two reflective surfaces 40 and 41 and focused by a lens 44 preferably a reflective 
diffractive focusing lens, etched into the surface of optical chip substrate 36. After further reflection by a reflective 
surface 45, a pinhole 46, formed ,n a reflective/opaque layer formed at the focus of lens 44. passes only a plane wave 
from surface 42 and the reflected Ugh. from grating 38 to a detector 50, for example a PIN photo diode or similar device 
A compensating detector 52 is preferably placed behind lens 44 detects a portion of the light reflected by grating 38 
A controller 54, comprising a laser diode driver/modulator for activating laser diode 32. detection amplifiers and zero 
crossing counting circuits or frequency detection means used for determining the translation velocity and translation 
of the surface. Compensation detector supplies a compensation signal proportional to the amplitude of the local oscil- 
lator for reducing any residual effects of variations in the laser output For reduction of noise, twisted wire pairs shielded 
wires or coaxial cable are preferably used to carry signals to and from controller 54. Preferably, the apparatus is provided 
with legs or a ring support 56 or other such means on which the dev.ce rides on surface 42 to avoid damage to grating 
38 and to keep the distance between the grating and the surface fairly constant. 

[0151] Fig. 3B shows an alternative preferred embodiment of the invention including direction detection by phase 
shiftmg of the local oscillator and utilizing first order diffraction from the grating. Elements which are functionally the 

fnTtTh , hm ! 9 3B , are 9iVen Same reference numerals in b °'h Figs. 3A and 3B. Fig. 3B shows a device 60 
in which ight from laser diode 32 is collimated by a lens 62 to strike a grating 38 Grating 38 is preferably mounted on 
a piezoelectric ring 64 (which is in turn mounted on optical substrate 36). Excitation of ring 64 adds a variable phase 
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to (he local oscillator (Ihe light diffracted from grating 38) in order to allow for direction detection, as described above. 
In Ihe embodiment shown in Fig. 3B, both the detection of the signals used for translation and direction detection on 
the one hand and for compensation detection on the other hand, are based on first order diffraction by grating 38, but 
with opposite sign. Preferably, anti-reflection coatings are used, where appropriate, to reduce unwanted reflections. 

s [01 52] An integrated optical chip is Ihe preferred implementation scheme since it can be manufactured in large vol- 
umes for a low cost. The figure shows only one detector for a single direction, with preferably a second detector meas- 
uring Ihe orthogonal direction. All of the optical elements - lenses, grating, mirrors and pinholes - are etched into or 
deposited onto the optical substrate and are either reflective or transmissive according to functionality The discrete 
components in the system - laser diode, detector and piezoelectric transducer- are mounted on top of the chip. The 

to electronic elements of controller 54 may also be manufactured or placed on top of the chip. 

[0153] It should be understood that the features of Figs. 3A and 3B can be mixed and combined. For example if, in 
Fig 3A grating 38 is mounted on a transducer such as ring 64, then the result would be a device operating in the 
specular reflection (zeroth order) mode with increased dynamic range and possibly additional axial translation detec- 
tion Furthermore, it is possible to use an asymmetric grating in place of grating 38 and ring 64 ol Fig. 3B for the purpose 

is of direction detection. For these and other preferred embodiments of the invention, combining various aspects ol the 
invention will occur to persons skilled in the art. 

[0154] Fig 3C shows yet another method of determining direction, in accordance with a preferred embodiment ol 
the invention Device 70 of Fig. 3C is similar to device 60 of Fig. 3B except that grid 38 is placed at the lower surface 
of chip 36 and piezoelectric ring 64 is replaced by a birefringent plate 66. Source 32 produces linearly polarized light 

20 having a polarization which is at an angle of 45 degrees with the birefringent axis of plate 66. Radiation which is reflected 
from the surface passes through plate 66 twice and consists of two waves, each having a polar.zation direction at a 

45 degree angle with that 01 tne raaiauon renecieu uum ui uwiawou n^... y . <......« — — ■■- 

stantially a 90 degree phase difference with each other (depending on the properties of the surface). 

[0155] In addition, a polarizing beam splitter 68 is preferably placed before detector 50. Its axis is such that one of 

25 the two halves of the reflected radiation passes through beam splitter 68 to detector 50 and Ihe other half is reflected 
to a detector 67 In addition, beam splitter 68 directs half the radiation reflected or diffracted from grating 38 to each 
of detectors 50 and 67. The resulting signals detected by detectors 67 and 50 will have a phase difference of 90 
degrees The sign of the phase difference can be used to determine the direction of motion. 

[0156] While the present invention is described above in various embodiments for solving the general problem of 

30 translation measurement, the methodology is applicable to a large number of products. One particular application of 
the optical translation measurement method of the invention is a novel optical cursor control device (mouse) which 
derives its translatatory information from movement on substantially any diffuse surface, such as paper or a desktop. 
One design for such a device, in accordance with a preferred embodiment of the invention, is shown in Fig. 4. An 
optical mouse 80 comprises an "optical chip" 82 which is preferably a device such as device 30 or device 60 or a 

35 variation of these devices. Chip 82 is mounted in a housing 84 and views paper 42 through an optical aperture 86 in 
housing 84 Input and output leads from chip 82 are preferably connected to a printed circuit board 88 or the like on 
which are mounted electronic circuitry 90 corresponding to the controller of devices 30 or 60. Also mounted on PC 
board 88 are one or more switches 92 that are activated by one or more pushbuttons 94 as in conventional mice The 
mouse is conventionally connected to a computer via a cable 96 or with a wireless connection. 

40 [0157] The method of measurement in accordance with preferred embodiments of the invention described above 
allows for a wide dynamic range of translation velocities, covering all the required range for normal operation of a 
mouse Such a device can be characterized as a 'padless optical mouse" to provide orthogonal signals to move a cursor 
from position to position on a display screen in response to movement of the mouse over any sufficiently diffusely 
reflective surface, such as paper or a desk top. Thus, special contrasting markings or special patterns are not necessary. 

45 [01 58] Mouse systems usually use mechanical transducers for the measurement of hand translation over a surface 
(commonly a "mouse pad"). A need for moving-parts-free, reliable and accurate translation measurement technology 
for use in mouse systems is well acknowledged today. A few optical devices were developed, but still suffer from various 
deficiencies such as a need for a dedicated patterned pad, low transducing performance or high cost. 
[01 59] An optical padless mouse according to one preferred embodiment of the invention can be used in two ways, 

so according to the user^s convenience. It can be used as a "regular" mouse, whereby the mouse is moved on top of a 
surface and its motion relative to that surface is measured. It can also be flipped over, if so desired, and instead used 
by moving the finger along the device aperture. The motion of Ihe finger relative to the mouse body, which is now 
stationary, will be measured. 

[0160] One such device 100 is shown in Figs. 5A and 5B Fig. 5A shows that structurally the device is similar to that 
55 of Fig 4 (and the same reference numbers are used in the two Figs, for ease of comparison), except that buttons 94 
are on the side of housing 84 in device 100. In the mode shown in Fig 5A device 100 is stationary and it is used to 

,. ., ,;^p 0 , ino ar ™cr H \™ it QhnniH he nlear thai device 100 can be turned over and used as a 

mouse, in much the same way as the mouse of Fig. 4. Fig. 5B shows a perspective view o\ the dev.ce, showing an 
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optional switch 104 which is used to indicate if device 100 is used as an ordinary mouse or in the mode shown in Fiqs 
5A and 5B. Alternatively, such a switch may be a grav,ty switch mounted in the device to automatically switch modes 
It is generally des.rable to know in which mode the device is operating since the direction ol motion of the cursor is 
opposite for the two modes and usually, the sensitivity desired is different for the two modes 

[0161] Furthermore, using a translation measurement device with a small aperture, as in the present invention and 
moving a finger along its aperture, enables moving a cursor through measurement of the translation of the finger much 
like a 'ouch pad. This function may be termed "touch-point" and may be used in dedicated minute locations on keyboards 
as well. This device would be identical to the device of Fig 5 except that the optical chip would be mounted in the 
keyboard as would the switches Also, an OTM "touch-point" may be used on the top of the mouse as an alternative 

mf c S o C , r ° S, 9 "J CkS " bS de,6Cted ' '° r GXample ' by brin 9 in 9 lhe fin 9 er in '° ^d out of range of the touch point 

[0 62] This device can be used to replace pointing devices other than a mouse For example, pointing devices used 

rn «,° P °r! 9 P COmpu,ers Vir,ua,| y an y one or tw ° dimensional motion can be controlled using such a device 
[0163] Currently, laptop computers pointing devices employ either a track ball, a touch pad. a trackpoint (n.pple) or 
an attached mouse. These devices carry diverse drawbacks. In particular, the track ball collects dust much like a regular 

m h ° U !! „ J,° UCh . P !. d IS SenSi " Ve l ° dam P ness and was ha " ed unfriendly by many users, the trackpoint drifts when it 
should be idle and the attached mice are delicate and require a desktop to work on 

[0164] The touch-pomt device is small in size, its working aperture can be less than 1 mm* and it provides high 
resolution and dynamic range. This makes it an ideal solution as a pointing device to be embedded ,n a laptop computer 
The device ,s operated by moving a finger across the face of the aperture, in a somewhat similar manner to the use 
of a i touch pad^ The difference being, that the aperture is very small in size compared to the touch pad ,t ,s free of 
problems like humidity and dampness and its reliability is expected to be high. In fact, even several devices can be 
easily embedded ,n a single laptop or a palm top including on keys, between keys, or next to the screen Additionally 
a pressure sensitive device may be included under the touch point device and the sensitivity of the touch point made 
responsive to the pressure of the finger on the touch point 

[0165] In a preferred embodiment of the invention, two touch points are provided, a first touch point and circuitry 
which moves a pointer responsive thereto and a second touch point and circuitry which causes scrolling responsive 

[0166] In a further preferred embodiment of the invention, the present invention can be used as an improved trans- 
lation and/or velocity measurement system for a scanning-pen. capable of scanning lines of text (or any other pattern) 
and storing them, for downloading later to a PC. and/or for conversion to ASCII code using OCR software An example 
of such a dev.ce is shown in Fig 6 A scanning pen 120 comprises a 'reading' head with a one dimensional or two 
dimensional array of photo detectors (CCD array) 122 and a lens 123, wide enough to scan a typical line height and 
a lighting source 124 as in conventional light pens The pen head also contains an optical translation measurement 
system 82 ,n accordance with the invention, for one or two axes measurement of the translation of the pen head across 
he scanned paper and possibly another one to extract rotation information. The pen can then either store the scanned 
line as a bitmap file (suited for hand-writing, drawings etc ) or translate it immediately through using internal OCR 
algorithm to binary text. The stored information may be downloaded later to a computer, palmtop or phone etc For 
th.s purpose and for the powering and control of the various devices in pen 120, it is provided with a controller or 
microprocessor 128 and batteries 129 

[0167] The optical translation method of the present invention allows for this device to be small in size convenient 
to use, and accurate. The high accuracy results from the inherent high accuracy of the method with respect to current 
mechanically-based translation transducers and from the ease of measurement in two dimensions plus rotation Similar 
commercal devices today use a patterned wheel which is pushed against the scanned surface while scanning and 
rolled ,n order to measure the translation by detecting the rolled angle of the wheel This technique only detects the 

cTn be n used n ?o l r ^ ^ a '° n9 V6rliCa ' 3X18 ^ i,S re ' at ' Ve ' y '° W accurac V limits the ™9« of applications it 

[0168] A further preferred application of the optical translation method and device of the present invention is a portable 
or a fixed device, for scanning signatures and relaying them to an authentication system. Similar in principal to the 
scanning perr the signature reader contains a 'reading' head, with a one dimensional or two dimensional array of photo 
de ec.ors (CCD array) It has an aperture wider than that of the scanning pen, to be able to read wider or higher sig- 
natures and contains an optical translation measurement device, for detection of the two axes translations of the hand 
or instrument which is moving the device across the scanned signature. The s.gnature reader does no. contain any 
OCa as no text files are to be created. Instead, it is connected (through direct, hardwire line or wireless link or through 
an off-line system), to an "authentication center", where the scanned signature is compared to a "standard signature" 
for validation. This device can be accurate, while cheap, small and easy to use 

[0169] A still further application of the devices and methods described above is in the field of encoders The present 

L7h e e n ra 0 n n p C nnH ePlaC h e T*' ^ enCOderSl M rec * uire hi 9 hl V accurate markings on 

either an encoder wheel or on a surface, by a substantially markless encoder. An angular encoder 1 30 in accordance 
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with this aspect ot the invention is shown in Fig. 7. Encoder 1 30 comprises a disk having a diffusely reflecting surface 
1 32 mounted on a shaft 131 II also includes an optical chip 82 and controller 90. preferably essentially as described 
above Preferably, surface 1 32 is marked with one or two radial marks 1 36 to act as reference marks for the encoder 
and for correction of errors which may occur in reading the angle during a rotation. This mark may be read by optical 

s chip 82 or by using a separate detector. 

[0170] A further embodiment of the invention is a virtual pen, namely a pen which translates movement across a 
featureless page into position readings. These position readings can be translated by a computer into virtual writing 
which can be displayed or translated into letters and words. The computer can then store this virtual writing as ASCII 
code Transfer to the computer may be either on line (using a wired or preferably a wireless connection to the computer) 

io or olf-line wherein the code or positions are stored in the "pen" and transferred after writing is completed. This embod- 
iment of the invention provides a compact, paper-less and voice-less memo device. 

[0171] In a typical fax/printer, the paper is moved in a constant speed relative to the writing head with an accurate 
motor The head releases the printed data line by line, in a correlated fashion with the speed of advancing paper. This 
method is both expensive, as it requires an accurate motor and mechanical set up, and inaccurate, as the paper 
is sometimes slips in the device, thus the paper translation is not well correlated to the printing device, resulting in missed 
or crooked lines. 

[0172] With an optical translation measuring device, it is possible to detect paper slippage, or even to eliminate the 
use of expensive accurate motors, by measuring the paper advancement on-line. The printing device is then coordi- 
nated with the actual translation of the paper, thus creating a highly accurate and economic system. Similarly, these 

20 principles can be applied to a desktop scanner, where the printing head is replaced by a reading head 

r0173] Fig. 8 is a schematic of a motion sensor useful in a scanner, fax machine or printer in which motion is only in 

one direction. Motion detector zvu inciuaes a suuiue wi noi 1 13 i CU ^ « , .^o.. ,y <-~-r ^ y ~ ~, 

output of cable 204 is collimated by lens 206 and illuminates a moving surface 208, through a grating 210. Light reflected 
from grating 210 and surface 208 is collected by a fiber optic cable 212 which is placed at the focal point of lens 206. 

25 The output of cable 21 2 is fed to a detector 21 4, for further processing as described above. Since the paper moves in 
only one direction, there is no need to detect the direction of motion of the paper. 

[0174] In a preferred document scanner embodiment of the invention, the motion detector measures the relative 
movement of a document, preferably, without utilizing any printing on the document, while a reading head reads printed 
information from the document. A memory receives information from the printing head and stores it in memory locations, 
so responsive to the measurement of movement of the document. 

[0175] In a preferred printer embodiment of the invention the motion detector measures the movement of a sheet 
on which markings are to be made and a memory transmits commands to mark the paper, in accordance with infor- 
mation in the memory responsive to the measurement of motion of the paper. 

[0176] Either or both preferred scanner and printer embodiments of the invention may be utilized in a facsimile ma- 
ss chine in accordance with preferred embodiments of the invention. 

[0177] Fig 9 is a simplified block diagram of typical electronic circuitry 140 useful in carrying out the invention. A 
"primary" photodetector 142 (corresponding, for example to detector 50 of Figs. 3A and 3B) receives light signals as 
described above The detector detects the light and the resulting signal is preferably amplified by an amplifier 144, 
band pass filtered by a filter 1 46 and further amplified by an amplifier 1 48 to produce a "primary" signal. A compensating 
40 signal as detected, for example, by photodetector 1 50 (corresponding to detector 52 in Figs. 3A and 3B) is subtracted 
(after amplification, by amplifier 152 and band-pass filtering by filter 154) from the "primary" signal in a difference 
amplifier 155 to remove residual low frequency components in the primary signal. Preferably band pass filters 154 
and 146 are identical. The resulting difference signal is amplified by a voltage controlled amplifier 156 whose gain is 
controlled by the output of a low pass filter 153 (which is attenuated by an attenuator 158 optionally adjusted during 
45 calibration of the system). The output of amplifier 156 is fed to a zero crossing detector and counter 160 and (if a 
stationary non-symmetric grating is used) direction control logic 162. which determine the direction of translation of 
the surface Alternatively, where a piezoelectric element 64 (Figs. 3A and 3B) is used, a control signal corresponding 
to the frequency of displacement of the of the element is fed to the direction control logic 162 where it is subtracted 
from the zero-crossing detector count. 
50 [0178] For preferred embodiments of the invention, the wavelength of the laser source is preferably in the infra-red. 
for example 1 550 nanometers. A spectral width of 2 nanometers is typical and achievable with diode lasers. A source 
power of 5 mW is also typical. A grating opening of 1 .5 mm by 1 .5 mm and a grating period of 150 lines/mm are also 
typical The laser source output is typically collimated to form a beam having a diameter of somewhat less than 1.5 
mm and is typically incident on the grating at an angle of 30 degrees from the normal. The optical substrate may have 
55 any convenient thickness. However a thickness of several mm is typical and the focal length of the lenses used is 
designed to provide focusing as described above. Typically, the focal length of the lenses are a few mm. Typically, 
-i-u-i- ,p /fr;~ c oa op\ o Hionrsot^r^f coworai micrometers tyoicallv 1 0 micrometers. It should be understood that 
the above typical dimensions and other characteristics are provided for reference only and that a relatively wide variation 
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in each of these dimensions and characteristics is possible, depending on the wavelength used and on other parameters 
of the application of the optical chip. 

[0179] The present invention has been descr.bed in conjunction with a number of preferred embodiments thereof 
which combine various features and various aspects of the invention. It should be understood that these features and 
aspects may be combined in different ways and various embodiments of the invention may include one or more aspects 
of the invention. The scope of the invention is defined by the following claims and not by the specific preferred embod- * 
iments described above. 

[0180] As used in the following claims, the words "comprise" or "include" or their conjunctions means "including but 
not necessarily limited to." 

Claims 

1. A method for determining the relative motion of a surface with respect to a measurement device comprising: 

illuminating the surface with illumination, through a partially transmitting object, such that illumination is re- 
flected from the surface to illuminate a detector with illumination which is not an image of a point on or a portion 
of the surface: 

simultaneously illuminating the detector with reference illumination derived from said incident illumination 
coherently detecting the reflected illumination of the detector utilizing said reference illumination such that the 
detector generates a signal; 

determining the relative motion of the surface parallel to the surface, based on variations of the signal with 
motion. ^ 

25 2. A method according to claim 1 wherein the incident illumination is at a given wavelength and wherein the reference 
illumination is at the same wavelength such that the coherent detection is homodyne detection 

3. A method according to claim 1 or claim 2 and comprising: 
spatially varying the illumination of the surface 

4. A method according to claim 3 wherein spatially varying the illumination of the surface comprises: 
illuminating the surface through a transmission grating having spatially varying periodic transmission. 

5. A method according to any of claims 1 -3 wherein the object is a grating, and including: 

illuminating the surface through a grating which reflects a portion of the illumination incident upon it toward 
the detector to form said reference illumination 



6. A method for determining the relative motion of a surface with respect to a measurement device comprising: 

illuminating the surface with illumination such that illumination is reflected from portions of the surface 
placing a partially reflecting object adjacent to the surface: 

coherently detecting the illumination reflected from the surface, utilizing illumination reflected from ord.ffracted 
by the partially reflecting object as a local oscillator: and 
determining the relative motion of the surface, in a direction parallel to the surface, from a characteristic of the 
signal based on the reflection reflected from the surface. 

so 7. A method according to claim 6 wherein the relative motion is detected utilizing a Ooppler shift of the illumination 
reflected from the surface. 

8. A method according to claim 6 or claim 7 wherein the partially reflecting object is a grating and wherein illumination 
diffracted by the grating is used in determining the motion. 

9. A method according to any of the preceding claims and including determining the relative motion of the surface in 
a direction perpendicular to the surface. 
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10. A method according to claim 9 wherein: 

coherently detecting comprises: 

s detecting amplitude or phase variations of the reflected illumination: and 

detecting a frequency shift of the reflected illumination: and determining the relative motion comprises: 
measuring relative motion of the surface in a direction parallel to the surface responsive to at least one 
of the detected amplitude or phase variations: and 

measuring relative motion of the surface in a direction perpendicular to the surface responsive to the 
w detected frequency shift. 

11. A method according to claim 10 and comprising: 

periodically moving the object in a direction perpendicular to its surface to add a periodic phase shift to illumi- 
is nation reflected therefrom; and 

utilizing said phase shift to measure the motion of the surface. 

12. A method for determining the relative motion of a surface with respect to a measurement device comprising: 

20 illuminating the surface, from a source, with incident illumination such that illumination is reflected from portions 

of the surface toward a detector: 

... - . . *u ~. »u ~ ~u^-.~~ /Hoty-\/M/r\H ooti/^al illi tmin^tinn (mm 9 OIVGD 

spatially filtering tne reueciea iiiuminauuri suui mm u»c ^icoc u.^ . ^ 

scatterer on the surface is substantially constant or linearly related to the translation of the surface: 
generating a signal by the detector responsive to the illumination incident on the detector: and 
25 determining the relative motion of the surface from the signal. 

1 3. A method according to claim 1 2 wherein determining the relative motion of the surface comprises determining the 
relative motion of the surface in a direction parallel to the surface. 

30 14. A method according to claim 1 2 or claim 13 wherein illuminating comprises illuminating the surface with spatially 
varying illumination. 

15 A method according to any of claims 12-14 wherein illuminating the surface comprises illuminating the surface 
through a partially reflecting object placed adjacent to the surface which reflects or diffracts illumination to the 

35 detector. 

16 A method according to claim 15 wherein generating a signal comprises coherent detection of the illumination 
reflected from the surface utilizing the illumination reflected or diffracted from the partially reflecting object 

40 17. A method according to any of claims 12-16 wherein determining the relative motion comprises utilizing a Doppler 
shift of the reflected illumination. 

18. A method according to any of claims 12-17 wherein: 

45 the illumination of the surface is substantially collimated: and 

spatially filtering filters the reflected illumination such that substantially only a single spatial frequency of the 
reflected illumination is detected by the detector. 



50 



19. A method according to any of claims 12-17 wherein: 

illumination of the surface is substantially collimated: and 
spatially filtering Miters the reflected illumination such that only illumination reflected from the surface substan- 
tially in a single direction is detected by the detector. 

55 20. A method according any of the preceding claims wherein the illumination is perpendicularly incident on the surface. 
21. A method according to any of the preceding claims wherein the surface is optically diffusely reflecting surface. 
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22. A method according to any ot the preceding claims wherein the surface has no markings indicating position. 

23. A method according to any of the preceding claims wherein the illumination comprises visible illumination. 

s 24. A method according to any of claims 1 -22 wherein the illumination comprises infra-red illumination 

25. A method according to any of the preceding claims and including detecting relative motion of the surface in two 
directions parallel to the surface. 

'0 26. A method according to any of the preceding claims and including determining the direction of motion. 

27. A method according to any of the preceding claims wherein determining relative motion composes counting zero- 
crossings of the signal 

,s 28. An optical mouse comprising: 

a housing having an aperture facing a surface; and 

an optical motion detector which views the surface through the aperture, wherein the optical motion detector 
^ utilizes the method of any of the preceding claims to determine the translation of the housing with respect to 

trio surfcic©. 
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